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Some  Microphysical  Processes 
Affecting  Aircraft  Icing-Final  Report 


1.  INTRODUCTION 

In  recent  years  a  considerable  amount  of  research  on  the  effects  of  aircraft 

icing  has  been  completed.  Bragg1  explored  the  way  ice  accumulates  on  an  aircraft 

surface  and  how  it  affects  the  performance  of  the  aircraft.  Hansman  and  Hollister' 
3 

and  Hansman  discussed  the  possibility  of  using  microwaves  and  electric  fields  to 

4 

prevent  icing  on  aircraft.  Sayward  told  of  efforts  to  reduce  the  adhesion  strength 

5 

of  ice.  Reinman,  Shaw,  and  Olsen  described  the  work  being  done  by  the  National 
Aeronautics  and  Space  Administration  in  the  area  of  the  prevention  of  icing  and  the 
removal  of  ice  as  it  accumulates. 

The  University  of  Wyoming  and  the  Federal  Aviation  Administration  have  been 
exploring  the  microphysical  processes  involved  in  the  formation  of  aircraft  icing. 

g 

Politovich  noted  that  icing  rates  experienced  by  the  University  of  Wyoming's  King 
Air  aircraft  increased  with  height  to  match  the  trends  in  droplet  size  and  Liquid 

7 

Water  Content  (LWC).  Politovich  also  observed  a  correlation  between  droplet 

diameter  and  the  amount  of  icing,  and  states  that  the  size,  rather  than  the  number 

of  droplets  will  determine  the  rate  of  icing.  Her  results  also  show  particle 

diameters  of  10  to  20  pm  as  being  most  likely  to  be  present  during  icing  situations. 
8 

Masters  shows  that  droplets  of  this  size  are  quite  common  in  supercooled  clouds. 


(Received  for  publication  6  May  1985) 

(Due  to  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 
See  References,  page  35.  ) 


although  at  a  warmer  temperature  large  droplets  will  predominate.  His  work  is 

9 

based  on  data  compiled  by  Jeck. 

The  Aircraft  Icing  Probabilities  Program  of  the  Air  Force  Geophysics  Labora¬ 
tory  (AFGL)  has  provided  microphysical  observations  of  clouds  which  caused  ice 
to  form  on  an  aircraft.  In  addition,  data  from  other  sources  have  been  examined 
to  see  if  the  microphysical  observations  made  by  AFGL  compare  to  those  made 
elsewhere. 

The  use  of  an  Axially  Scattering  Spectrometer  Probe  (ASSP)  manufactured  by 
Particle  Measuring  Systems,  Inc.,  supplemented  by  1-D  and  2-D  cloud  and  pre¬ 
cipitation  probes  has  allowed  us  to  measure  particle  distributions  and  obtain  shadow¬ 
graphs  of  particle  shapes  in  icing  situations.  Another  technique,  exposing  oil- 
covered  slides  to  the  atmosphere,  was  used  by  the  Bundesamt  Fur  Wehr  Technik 
und  Beschaffung  (BWB)  of  the  Federal  Republic  of  Germany.  They  kindly  made 
some  of  their  data  available  to  us,  and  it  is  discussed  later  in  this  report. 

Barnes,  Cohen  and  McLeod1^*  described  the  MC-130E,  (flown  for  AFGL  by  the 

4950th  Test  Wing,  Wright-Patternson  AFB,  Ohio)  which  made  data -gathering  flights 

into  conditions  favoring  aircraft  icing.  The  AFGL  icing  flight  program  consisted 

of  25  flights,  which  are  listed  by  Cohen.  **  The  principal  icing  detector  used  was 

12 

the  Rosemount  Ice  Detector,  Model  87  1FA.  Glass  and  Grantham  described  the 
instrument  and  discussed  its  response  to  icing  conditions.  A  similar  instrument 
was  used  on  the  BWB  flights,  although  it  was  not  considered  by  them  to  be  the 
primary  instrument  for  estimating  ice  accumulation. 

13 

Further  findings  of  the  AFGL  Icing  Program  have  been  reported  by  Glass 
14 

and  Cohen.  These  reports  have  dealt  with  the  icing  detector  and  its  response  io 
supercooled  clouds  and  have  compared  visual  and  icing  detector  observations  of 
icing  to  forecasts  made  using  rawinsonde  information  and  current  forecasting 
techniques. 

This  report  will  look  at  the  droplet  spectra  of  clouds,  some  of  which  produced 
icing,  and  others  which  did  not.  Section  2  examines  the  microstructure  of  clouds 
that  led  to  icing  on  one  of  our  icing  flights.  Section  3  examines  2-D  shadowgraphs 
obtained  on  two  flights,  one  of  which  produced  much  less  icing  than  expected  and 
one  which  produced  substantial  icing.  Section  4  reports  on  the  data  AFGL  obtained 
from  the  BWB  in  Germany. 


(Due  to  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 
See  References,  page  35.  ) 
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2.  THE  DEVELOPMENT  OF  ICING  IN  LAYER  TYPE  CLOUDS 


The  extent  of  aircraft  icing  is  principally  a  function  of  the  supercooled  liquid 
water  content  (LWC)  of  the  cloud  it  penetrates.  The  amount  of  LWC  encountered 
is  in  turn  a  function  of  the  concentration  and  size  distribution  of  the  supercooled 
water  droplets  in  the  cloud.  In  order  to  solve  the  icing  problems  for  modern  air¬ 
craft  the  researcher  must  completely  understand  the  microphysfcal  processes 
involved  in  the  development  of  supercooled  clouds.  The  data  presented  here  will 
examine  the  developmental  stages  of  layer  type  clouds  that  form  ed  near  Peoria, 

Illinois  on  11  December  1979. 

2.1  Instrumentation 

A  list  of  the  cloud  physics  instrumentation  and  their  location  on  board  the 

MC-130E  aircraft  is  shown  in  Figure  I.  The  main  instruments  used  to  measure 

the  meteorological  conditions  associated  with  cloud  formation  and  icing  are:  the 

Rosemount  Total  Temperature  Probe  (No.  6)  for  obtaining  true  air  temperature, 

the  Johnson-Williams  meter  (No.  10)  for  determining  LWC  from  droplets  of  diameter 

S  30  pm;  the  Particle  Measuring  System 's  Axially  Scattering  Probe  (ASSP)  (No.  2) 

for  obtaining  droplet  number  concentration,  LWC  and  median  volume  diameter;  and 

the  Rosemount  Icing  Rate  Meter  (No.  19).  These  instruments  and  the  others  are 

12 

described  in  detail  by  Glass  and  Grantham. 

2.2  Meteorological  Situation 

Figure  2  shows  the  temperature  and  dew-point  profiles  from  the  radiosonde 
observation  on  11  December  1979  at  12Z  (GMT)  from  the  Weather  Service  Office  (WSO) 
Peoria,  Illinois.  This  was  approximately  12  hours  prior  to  the  passage  of  the  cold 
front.  Two  moist  layers,  were  present,  one  at  850  mb,  93  percent  R.  H. ,  the  other 
at  650  mb.  60  percent  R.  H.  ,  as  depicted  in  Figure  3.  When  the  cold  front  arrived. 
Figure  4,  cloud  layers  were  noted  to  have  formed  where  these  moist  layers  had 
been.  At  the  surface,  the  cold  front  moved  through  the  Peoria  area  at  approxi¬ 
mately  1600Z,  the  wind  direction  eventually  changed  from  180° -190°  to  300°  -320° 
and  the  temperature  dropped  from  50°  F  to  30°  F.  The  latitude -longitude  positions 
and  the  time  vs  altitude  plot  of  the  seven  individual  data  passes  made  by  the 
MC-130E  aircraft  are  shown  in  Figures  5  and  6  respectively.  It  was  not  possible 
for  the  Mission  Director  to  structure  the  ascending  passes  directly  over  one  another. 

It  was  his  intention  to  keep  the  data  passes  within  the  same  cloud  mass.  The  flight 
time  and  location,  coincided  with  the  release  of  the  0000Z,  12  December  1979  radio¬ 
sonde  from  Peoria.  The  skew-T  plot  of  temperature  and  dew-point  from  that 
observation  is  shown  in  Figure  7. 
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Figure  1.  Schematic  Figure  of  MC  -  130E  Aircraft,  Serial  No.  4057  1.  The  cloud 
physics  instrumentation  and  location  on  aircraft  are  shown 


2.3  Data  Sampling  Passes 


The  7  passes  (Figure  5)  flown  on  11  December  1979,  cover  the  altitude  range 
of  observed  cloud  conditions.  The  clouds  of  interest  were  structured  into  two 
distinct  layers;  layer  No.  1  extended  from  1850  m  to  3080  m.  The  top  was  very- 
close  to  the  0°  C  isotherm,  so  for  the  most  part,  the  particles  in  this  layer  were  in 
the  liquid  water  state.  Layer  No.  2  extended  from  4320  m  (base)  to  4950  m  (top). 
Layer  No.  2  was  cold  enough  to  cause  icing  conditions.  The  zone  between  the  top 
of  layer  No.  1  and  the  base  of  layer  No.  2  was  essentially  free  of  any  form  of  cloud 
development.  However,  the  PMS  Axially  Scattering  Spectrometer  Probe  (ASSP) 
appeared  to  indicate  the  presence  of  aerosols  or  haze  particles  in  the  environmental 
external  to  the  cloud.  These  particles  were  detected  in  channel  No.  1  of  the  ASSP 
which  had  a  diameter  detection  range  of  1  um  to  3  um. 


Figure  2.  Radiosonde  Sounding,  Peoria,  Illinois,  12Zt 
11  December  1979 


Figure  3.  Structure  of  Atmosphere  Prior  to  the  Arrival  of 
the  Cold  Front,  Peoria,  Illinois  at  12Z,  11  December  1979 
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Figure  4.  Cold  Front  Location  at  00Z,  12  December  197  9 
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During  the  different  condensation  growth  periods  encountered,  channel  No.  1 
of  the  ASSP  appeared  to  respond  reasonably  with  2.  0  4m  diameters  particle 
counts.  For  example,  in  Figure  8  three  droplet  size  distributions  are  shown.  The 
first  one  coded  with  the  symbol  'O',  shows  the  average  count  of  particles  in  channel 
No.  1  detected  in  the  clear  region  outside  the  cloud.  The  second  distribution, 
coded  with  the  symbol  'X',  shows  the  sizes  of  the  particles  in  the  transition  region 
at  the  edge  of  the  cloud.  The  third,  coded  with  the  symbol  'V,  shows  the  size 
distribution  of  the  particles  detected  a  short  distance  into  the  cloud.  These 
distributions  suggest  the  initial  growth  of  the  cloud  water  droplet  size  spectrum 
from  the  nuclei  size  particles  of  approximately  2.0  4m  diameter  detected  by 
channel  No.  1  of  the  ASSP.  The  impact  collection  efficiency,  or  aggregation  rate, 
of  particles  less  than  8  4m  in  diameter  is  extremely  low  so  that  particle  growth  in 
this  size  region  is  due  to  condensation  alone.  If,  in  this  region  one  assumes  that 
the  condensation  growth  affects  the  2.  0  4m  water  particles,  then  the  spectrum 
produced  in  the  transition  region  strongly  resembles  an  exponential  size  distribution 
(solid  line  in  Figure  8).  The  decrease  in  particle  counts  in  channel  No.  1  of  the 
ASSP,  supports  its  legitimacy,  as  the  cloud  droplet  population  grows  in  size  and 
number.  This  suggests  that  the  concentration  of  particles  with  diameters 
S  2.  0  4m  are  decreasing  while  the  concentration  of  cloud  particles  with  diameters 
^  2.  0  4m  are  increasing.  For  particle  growth  by  condensation  alone,  these  changes 
in  concentration  are  consistent  with  theory.  The  growth  of  drop  size  distributions 
shown  in  Figure  8.  offers  additional  evidence  that  the  droplet  counts  in  channel  No.  1 
are  real  and  not  just  noise. 

Ludwig  and  Robinson  carried  out  a  program  of  aerosol  and  cloud  droplet 
measurement  in  stratus  clouds  during  the  summer  of  1968  in  the  hills  south  of 
San  Francisco.  Size  distributions  were  determined  with  three  separate  particle 
size  counters  measuring  particle  radii  ranging  from  0.05  4m  to  40.0  4m.  The  size 
distribution  data  showed  a  mode  in  the  submicron  range  with  particle  sizes  extending 
up  to  and  beyond  the  1.0  4m  radius  size  region.  Secondary  modes  occurred  at  radii 
of  about  6  to  8  4m  in  mature  clouds.  Their  observations  also  show  organic  material 
to  be  present  in  the  nuclei  and  a  nonuniformity  in  the  distribution  01  sulfur  compounds 
and  chlorides  over  the  droplet  spectrum.  It  appears  that  the  activity  of  the  sulfates 
as  droplet  nuclei  is  largely  size  dependent.  The  small  sulfate  particles  are  inactive 
and  grow  little.  The  larger  particles  are  active  and  grow  to  larger  droplets,  leaving 

a  minimum  in  the  spectrum  between  the  growing  droplets  and  the  inactivated  particles. 

1 6 

In  fog  studies,  at  Otis  AFB,  Kunkel  observed  that  the  onset  of  fog  was  often 
preceeded  by  a  high  concentration  of  particles  of  radius  5  1.  25  4m. 

15.  Ludwig,  F.  L. ,  and  Robinson,  E.  (1970)  Observations  of  aerosols  and  droplets 

in  California  stratus.  Tellus.  ^2^92-105. 

16.  Kunkel,  B.  A.  (1982)  Microphysical  Properties  of  Fog  at  Otis  AFB, 

AFGL-TR -82 -0026,  ADA1I9928. 
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Figure  8.  ASSP  -  Measured  Droplet  Size  Distributions 
for  Outside,  in  the  Transition  Region  and  in  the  Cloud 
are  Shown.  ASSP  channel  numbers  are  indicated 
along  the  abscissa 


2.4  Cloud  Data 


The  data  collection  passes  in  the  cloud  were  conducted  at  constant  altitude  and 
heading  and  all  were  3  to  5  min  long.  Although  the  values  of  the  measured 


parameters  varied  considerably  within  individual  passes,  there  were  regions  which 
showed  noticeable  increases  in  LWC  values.  The  LWC  values  presented  herein 


have  been  corrected  by  the  bulk  bias  removal  method  suggested  by  Glass  and 
12 

Grantham.  It  is  the  authors  opinion  that  the  JW  is  over  responding  to  the  small 


wet  particles  with  diameters  5  2.0  (am.  As  the  concentration  of  these  particles 
decrease  with  increasing  altitude  and  decreasing  temperature  and  humidity,  the 
zero  calibration  appears  to  return  to  its  normal  correct  reading.  These  types  of 
discrepancy  high -light  the  need  for  additional  research  in  the  LWC  measurement 


area,  directed  toward  some  convenient  means  of  calibrating  these  instruments  to 


17  18 

to  known  standards  as  recommended  by  Ide  and  Richter  and  Baumgardner. 


The  reviewers  of  this  manuscript  noted  that  the  uncorrected  JW  LWC  values  were 
too  high:  (1)  outside  the  cloud  and  (2)  when  compared  to  the  LWC  values 
generated  by  the  ASSP. 


17. 


Ide,  R.  F.  ,  and  Richer,  G.  P.  (1984)  Comparison  of  Icing  Cloud  Instruments 
for  1982-1983  Icing  Season  Flight  Program.  NASA -I'M  83569;  E-1960; 
FTS3  n5':B3589;  USAAVSCOM-TR-84-fc-l.  19  pp. 


18.  Baumgardner,  D.  (1983)  An  analysis  and  comparison  of  five  water  droplet 
measuring  instruments.  J.  Appl.  Meteor.  22:891-910. 


Li. 
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Assuming  that  the  larger  cloud  particles  grow  in  cell  type  developments,  regions 

showing  the  highest  values  of  measured  parameters  were  chosen  in  the  hope  that 

these  measured  parameters  would  better  characterize  the  growth  region.  Figure  9 

shows  the  JW  LWC  values  produced  in  selected  sections  of  the  three  passes  through 

layer  No.  1.  Pass  No.  1,  at  the  base  of  the  cloud,  is  coded  by  the  symbol  'X'. 

Pass  No.  2,  in  the  midsection  of  the  cloud,  is  coded  by  the  symbol  'O',  and  Pass 

No.  3,  at  the  top  of  the  layer,  is  coded  by  the  symbol  'A'.  The  tick  marks,  labeled 

'start'  and  'end'  on  each  of  the  data  plots,  show  the  regions  over  which  the  LWC 

values  and  the  other  measured  parameters  have  been  averaged.  These  average 

values  are  shown  in  Figures  10,  11,  and  12,  for  Passes  No.  1,  No.  2  and  No.  3 

respectively.  A  definite  growth  of  droplet  size  with  altitude  is  evident.  The  JW 

3  3 

liquid  water  content  (LWC)  values  increase  from  0.  19  g/m  to  0.48  g/m  to 

3 

0.73  g/m  in  ascending  order.  The  peak  in  the  droplet  size  distribution  as 
measured  by  the  ASSP  increases  from  5  umto  7  um  to  9  um  in  a  similar  manner. 


Figure  9.  JW-LWC  vs  Time  for  Passes  No.  1  to  No.  3.  Selected  sections 
for  each  are  indicated  by  'start'  and  'stop' 


These  measurements  clearly  indicate  a  growth  pattern  with  height  above  cloud  base. 

19 

Similar  growth  patterns  by  condensation  have  been  presented  by  Mason  and  Chien 

20 

and  by  Lee,  Hanel  and  Pruppacher  and  are  associated  with  uplifting. 
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Figure  10.  Averaged  ASSP  -  Measured 
Droplet  Spectra  for  the  Selected  Sections 
of  Pass  No.  9,  Flight  79-50,  II  December 
1979.  T.T.  is  true  temperature  and 
LWC  values  are  from  the  JW  probe 


19.  Mason,  B.J.,  and  Chien,  C.  W.  ( 1962)  Cloud-droplet  growth  by  condensation 

in  cumulus.  Quart.  J.  R.  Met.  Soc.  88:136. 

-  vw 

20.  Lee,  I.  Y.  ,  Hanel,  G.  ,  and  Pruppacher,  H,  R.  (1980)  A  numerical  determina¬ 

tion  of  the  evolution  of  cloud  drop  spectra  due  to  condensation  on  natural 

aerosol  particles,  J.  Atmos.  Sci.  37(No.  8):  1839. 

-  -vw 


Based  on  the  amplitude  variations  of  LWC  values  plotted  in  Figure  9,  we  have 
divided  Pass  No.  3  into  five  sections,  hereafter  referred  to  as  zones.  The  data 
on  cumulus  cloud  cell  development  shown  in  Figures  13  to  17  were  recorded  during 
Pass  No.  3  at  the  top  of  layer  No.  1  over  the  23:54:05  to  23:55:12  time  span.  The 
data  values  shown  in  Figures  13  to  17  are  the  result  of  averaging  over  selected 
time  spans.  A  more  detailed  look  at  the  LWC  values  plotted  in  Figure  9  shows  that 
the  LWC  values  for  Pass  No.  3  are  really  made  up  of  five  zones,  the  first  three 
of  which  increase  in  magnitude  with  elapsed  time.  Zone  1  having  a  time  span  from 
23:54:04  to  23:54:17  is  shown  in  Figure  13.  The  averaged  data  for  Zone  1  shows 

3 

values  of  LWC  =  0.  33  g/m  and  a  mode  diameter  of  7.  U  pm.  Zone  2  having  a 

time  span  from  23:54:19  to  23:54:27  is  shown  in  Figure  14.  The  averaged  data 

2 

for  Zone  2  indicates  a  LWC  of  0.  7  1  g/m  and  a  mode  diameter  of  9.  0  pm.  Zone  3 

having  a  time  span  from  23:54:32  to  23:54;49  is  shown  in  Figure  15.  This  zone 

represents  the  core  of  the  cell,  with  the  largest  values  of  LWC  *  1.  16  g/m  and 

mode  diameter  =  12.0  pm.  On  the  lee  side  of  the  cumulus  cell,  two  zones  of  LWC 

values  are  indicated  in  Figures  16  and  17.  These  decrease  in  magnitude  with 

elapsed  time.  Zone  4  having  a  time  span  from  23:54:53  to  23:55:06  is  shown  in 

Figure  16.  The  averaged  data  for  Zone  4  shows  a  LWC  value  of  0.  90  g/m  and  a 

mode  diameter  of  12  pm.  Zone  5  covering  the  time  span  from  23:55:09  to 

23:55:12  is  shown  in  Figure  17.  The  averaged  data  for  Zone  5  shows  a  LWC  value 
3 

of  0.  36  g/m  and  a  mode  diameter  of  9.  0  pm.  Although  the  data  from  the  five 
zones  were  recorded  at  the  same  altitude  and  in  the  dome  of  the  same  developing 
cumulus  cell,  some  of  the  measured  parameters  showed  significant  zone  to  zone 
differences  in  values.  Figure  15,  representing  Zone  3,  having  the  largest  values 
of  LWC  and  mode  diameter,  appears  to  be  the  core  of  the  developing  cell.  We  now 
look  at  the  00Z,  12  December  1979,  Peoria,  Illinois,  radiosonde  wind  measurements. 
At  3080  m  above  ground  level,  the  wind  speed  was  50  knots  and  the  wind  direction 
was  235°.  During  Pass  No.  3,  the  aircraft  magnetic  heading  varied  between  34.52° 
and  46.  95°.  It  therefore  was  travelling  in  approximately  the  same  direction  as  the 
wind  when  it  traversed  the  dome  of  the  cell.  The  midpoint  of  Zone  3  was  approxi¬ 
mately  in  the  middle  of  Pass  No.  3.  Zones  1  and  2  were  positioned  upwind  of 
Zone  3  and  Zones  4  and  5  were  positioned  downwind.  Zones  1  and  5  and  Zones  2 
and  4  were  approximately  equidistant  from  the  center  of  Zone  3.  The  averaged 
data  measured  in  each  of  the  five  zones  of  Pass  No.  3  are  shown  in  Table  1. 
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Figure  13.  Averaged  ASSP  - 
Measured  Droplet  Spectra 
for  Selected  Section  of 
Pass  No.  3,  Zone  1. 

Flight  79-50,  11  December  1979 
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Figure  14.  Averaged  ASSP  - 
Measured  Droplet  Spectra 
for  Selected  Section  of 
Pass  No.  3,  Zone  2, 

Flight  79-50,  11  December  1979 
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Figure  15.  Averaged  ASSP  - 
Measured  Droplet  Spectra 
for  Selected  Section  of 
Pass  No.  3,  Zone  3, 

Flight  79-50.  11  December  1979 
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Figure  16.  Averaged  ASSP  - 
Measured  Droplet  Spectra 
for  Selected  Section  of 
Pass  No.  3,  Zone  4, 

Flight  79-50.  1 1  December  1979 
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Data 

Zone  1 

Zone  2 

Zone  3 

Zone  4 

Zone  5 

Dimensions 

Particle 

Concentration 

538 

522 

515 

490 

366 

No.  / cm^ 

Liquid  Water 
Concentration 
(LWC) 

0.  33 

0.  71 

1.  16 

0.  90 

0.  36 

/  3 
g/m 

True  Temperature 

-2.  57 

-2.  54 

-2.  40 

-2.  49 

-2.  50 

0  C 

Relative  Humidity 

Saturated 

Saturated 

90 

% 

Mode  Diameter 

7.0 

7.  0 

12.0 

12.  0 

9.  0 

iim 

The  LWC  and  mode  diameter  values  tend  to  decrease  in  amplitude  as  the  distance 
increases  from  the  center.  Although  Zone  4  shows  the  same  mode  diameter  value 
of  12  jim  as  Zone  3.  a  close  look  at  the  particle  size  distribution  plotted  in  Figure  16 
shows  the  distribution  is  skewed  toward  a  value  lower  than  12  jim.  The  LWC  and 
mode  diameter  values  are  larger  in  Zones  4  and  5  than  the  corresponding  values 


in  Zones  2  and  1.  The  number  of  particles  counted  per  second  does  not  decrease 
between  Zone  3  and  Zone  1.  This  suggests  the  absence  of  the  coalescence  process 
in  the  upwind  peripheral  zone.  The  LWC  and  mode  diameter  values  decrease  away 
from  the  center  suggesting  that  evaporation  may  be  taking  place.  On  the  peri¬ 
pheral  edge  of  a  cloud,  evaporation  is  caused  by  the  mixing  of  the  cloud  mass  with 
the  surrounding  drier  air.  The  particle  size  distribution  of  Figure  13  shows  the 
results  of  this  evaporation  process  on  particles  having  diameters  5  9.  0  pm.  A 
large  number  of  these  particles  have  apparently  been  reduced  in  size  producing  a 
large  count  in  the  7.0  pm  diameter  channel  of  Figure  13.  Both  Zone  1  and  Zone  5 
are  edge  regions  of  the  cloud;  Zone  1  being  the  windward  peripheral  formation  edge 
and  Zone  5  the  leeward  peripheral  dissipation  edge.  The  mixing  mechanisms 
responsible  for  their  individual  drop  size  distributions  are  quiet  different. 

The  Mission  Director  observed  slight  icing  on  the  snow  stick  during  portions 
of  Pass  No.  3.  The  Rosemount  Ice  Detector  did  not  respond  to  these  light  icing 
conditions.  The  Mission  Director  also  noted  during  Pass  No.  3  when  the  aircraft 
emerged  in  clear  areas  that  clouds  were  visible  above  and  below  the  aircraft,  thus 
indicating  the  structured  nature  of  the  cloud  system. 

Cloud  layer  No.  2  appears  to  have  developed  in  the  same  manner  as  cloud 
layer  No.  1.  Figure  18  shows  the  JW  LWC  values  recorded  in  selected  sections  of 
layer  No.  2.  These  sections  at  the  base,  midsection  and  top  of  cloud  layer  No.  2 
were  selected  in  the  same  way  as  the  selections  made  in  cloud  layer  No.  1,  Figure  9. 
Individual  distributions  are  shown  in  Figures  19,  20,  and  21.  The  tick  marks  for 
the  three  passes  labeled  'start'  and  'end'  on  each  of  the  waveforms  show  the  section 
of  data  used  to  generate  an  average  for  the  parameters  sampled.  The  droplet  size 
distribution  generated  by  the  ASSP  for  Pass  No.  7  at  the  cloud  top  is  shown  in 
Figure  21.  An  averaged  droplet  size  distribution  over  the  selected  region  for 
Pass  No.  6,  in  the  middle  of  cloud  layer  No.  2  is  shown  in  Figure  20.  The  average 
droplet  size  distribution  over  the  selected  region  in  Pass  No.  5,  the  base  of  the 
cloud,  is  shown  in  Figure  19.  This  particle  size  distribution  suggests  that  this 
pass  was  made  at  the  edge  or  transition  region  of  the  cloud,  as  also  depicted  in 
Figure  8.  Again,  we  note  that  the  mode  diameter  and  LWC  values  increase  as  a 
function  of  height  above  cloud  base.  In  fact,  cloud  layer  No.  2  appears  to  be  a 
reduced  version  of  cloud  layer  No.  1  in  this  respect.  Unlike  cloud  layer  No.  I, 
cloud  layer  No.  2  at  an  altitude  of  4600  m  was  in  an  icing  environment  with 
temperatures  <  0.  0  C. 

Pass  No.  4.  at  an  altitude  of  3670  m,  was  made  in  a  clear  region  between 
cloud  layer  No.  1  and  cloud  layer  No.  2.  The  particle  size  distribution  for  this 
pass  is  shown  in  Figure  22  where  only  the  small  particles  of  2  pm  diameter  are 
evident. 
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Figure  18.  JW  LWC  vs  Time  for  Passes  No.  5  to  No.  7.  Selected  sections  are 
indicated  by  'start'  and  'stop'  for  each  pass 
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Figure  19.  Averaged  ASSP  - 
Measured  Droplet  Spectra 
for  Selected  Section  of 
Pass  No.  5.  Flight  79-50. 

1 1  December  1979 
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Figure  22.  Averaged  ASSP  - 
Measured  Droplet  Spectra  for 
the  Selected  Section  of 
Pass  No.  4„  Flight  79-50. 

11  December  1979 


2.5  Data  Analysis 

Summary  information  with  the  averaged  data  for  the  most  intense  regions  of 
the  cloud  layers  is  shown  in  Table  2.  Cloud  layer  No.  1  shows  larger  values  of 
cloud  depth  (^H),  liquid  water  content  (LWC),  and  droplet  concentration.  A  com¬ 
parison  of  the  measurement  values  produced  in  cloud  layer  No.  2.  shows  that  the 

3  3 

LWC  values  increase  from  0.39  g/m  to  0.  63  g/m  in  going  from  Pass  No.  6  to 

3 

Pass  No.  7,  while  the  droplet  concentration  values  decrease  from  381  particles/cm 

3 

to  333  particles/cm  .  This,  coupled  with  a  noticeable  increase  in  the  number  of 

drops  shown  in  the  large  diameter  tail  section  of  the  droplet  distribution.  Figure  21, 

suggests  the  presence  of  the  coalescence  process  in  Pass  No.  7.  The  same  type  of 

measurements  in  cloud  layer  No.  1  show  that  the  LWC  values  increase  from 
3  3 

0.48  g/m  to  0.73  g/m  in  going  from  Pass  No.  2  to  Pass  No.  3,  but  droplet  con- 

3  3 

centration  values  increase  from  441  particles/cm  to  462  particles/cm  .  The 
particle  size  distribution  shown  in  Figure  19  for  Pass  No.  5  of  cloud  layer  No.  2, 
strongly  resembles  an  exponential  distribution.  This  type  of  distribution,  together 
with  the  low  particle  concentration  of  291  particles/ cm  ,  suggests  that  this  pass 
was  made  in  the  transition  zone  at  the  edge  of  the  cloud  base.  As  it  turns  out,  the 
LWC,  mode  diameter  and  droplet  concentration  values  measured  in  Pass  No.  5  were 
much  less  than  the  corresponding  measurements  in  Pass  No.  1. 


Consider  now  the  midsections  of  the  two  cloud  layers.  Pass  No.  2  and 
Pass  No.  6.  We  see  in  Figures  11  and  20  that  the  value  of  mode  diameter  generated 
in  both  layers  was  7.  0  |im.  It  appears  that  both  droplet  populations  in  the  mid¬ 
section  of  both  layers  experienced  very  similar  supersaturation  environments  to 
produce  mode  diameter  values  of  7.0  4m.  In  like  manner,  the  top  sections  of  both 
clouds.  Pass  No.  3  and  Pass  No.  7,  depicted  in  Figures  12  and  21,  show  that  the 
averaged  value  of  mode  diameter  generated  in  bo.th  layers  was  9.0  pm .  A  gain,  it 
appears  that  both  layer  tops  experienced  similar  supersaturation  environments  to 
produce  mode  diameter  values  of  9,  0  pm. 

Returning  now  to  the  LWC  values  measured  throughout  cloud  layers  No.  1  and 
No.  2,  we  notice  that  the  LWC  values  measured  at  all  levels  in  cloud  layer  No.  1 
were  consistently  larger  than  the  corresponding  LWC  values  measured  in  cloud 
layer  No.  2.  Consider  the  particle  concentrations,  for  droplet  diameters  =  2.0  pm, 
measured  in  both  layers.  Again,  we  note  that  the  droplet  concentrations  measured 
at  all  levels  in  layer  No.  1  are  consistently  larger  than  the  corresponding  droplet 
concentrations  measured  in  layer  No.  2.  It  seems  apparent  that  the  LWC  values 
measured  in  both  layers  are  directly  related  to  the  corresponding  droplet  concentra¬ 
tion  values  measured  during  the  same  pass. 

2.6  Application  of  Data  to  Cloud  Formation 

As  noted  previously,  the  PMS  Axially  Scattering  Spectrometer  Probe  (ASSP) 
recorded  the  presence  of  aerosols  in  the  environment,  external  to  the  cloud  forma¬ 
tion.  These  particles  were  detected  in  channel  No.  1  of  the  ASSP,  which  has  a 
diameter  detection  range  of  1  pm  to  3  pm.  It  appears  that  these  haze  type  particles 
were  more  numerous  in  the  region  corresponding  to  layer  No.  1  prior  to  cloud 
development.  Measurements  taken  in  a  region  external  to  cloud  layer  No.  1,  at  an 
altitude  corresponding  to  that  of  Pass  No.  1,  showed  that  the  detected  particles  in 
channel  1  had  an  average  concentration  of  191  particles/cm  .  Similar  measure¬ 
ments  taken  in  a  region  external  to  cloud  layer  No.  2,  at  an  altitude  corresponding 
to  that  of  Pass  No.  5,  showed  that  the  detected  particles  with  2.  0  pm  diameters 
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had  an  average  concentration  of  149  particles/cm  .  In  other  words,  the  piecloud 
area  of  layer  No.  1  had  28  percent  more  particles  than  the  precloud  area  of  layer 
No.  2.  This  excess  of  available  particles  is  correlated  with  the  LWC  and  particle 
concentration  measured  in  layer  No.  1  as  shown  in  Figure  23. 
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DROPLET  CONCENTRATION  (nMom* 

Figure  23.  Vertical  Profiles  of  Averaged  LWC 
and  Droplet  Concentration  Scanning  Passes  No.  1 
to  No.  7 

2.7  Icing  Rate 

Although  cloud  layer  No.  1  produced  relatively  high  values  of  liquid  water 
content,  it  essentially  remained  above  freezing  hence  no  supercooled  water  droplets 
were  present.  The  Rosemount  Ice  Detector  did  not  show  any  indication  of  icing 
during  the  first  three  passes.  As  noted  previously.  Pass  No.  5  in  layer  No.  2  was 
positioned  on  the  lower  edge  of  that  cloud  layer  and  produce  JW  liquid  water 

_3 

values  5  0.  14  gm  ,  and  resulted  in  a  minimal  response  from  the  Rosemount  Ice 

Detector.  The  comments  of  the  Mission  Director  best  describes  the  icing  encountered 

during  Pass  No.  5,  that  is,  in  and  out  of  clouds,  light  rime  icing  in  cloud.  " 

During  Pass  No.  6,  the  icing  was  classified  as  light  to  moderate  and  the  ice 

detector,  in  the  core  region,  on  average,  took  -  22  sec  to  complete  its  sensing 

cycle,  corresponding  to  an  icing  rate  of  1.39  mm/min.  In  Pass  No.  7,  where 

-3 

the  highest  JW  liquid  water  values  were  recorded  (LWC  *  0.  63  gm  )  in  the  core 
region,  the  icing  was  classified  as  moderate  to  heavy  and  the  Rosemount  Icing 
Detector,  on  average  took  =  14  sec  to  complete  its  sensing  cycle,  corresponding  to 
an  icing  rate  of  2.  18  mm/min. 


3.  CASE  STUDIES  OF  OTHER  MISSIONS 


Two  other  flights  have  been  singled  out  for  examination  of  2-D  and  synoptic 
data.  Using  standard  synoptic  techniques,  icing  was  forecast  for  both  flights. 

They  present  a  contrast,  however,  as  in  one  case  we  expected  considerably  more 
icing  than  was  observed  while  in  the  other  the  aircraft  encountered  if  anything, 
more  icing  than  was  expected.  We  will  look  at  the  synoptic  situations  for  these 
flights,  and  the  crystal  types  observed  by  the  PMS  2-D  probes  (Figures  24  and  25). 
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Figure  24.  Data  From  PMS  2-D  Probes,  Recorded  During  a  Passage  Through 
the  Frontal  Zone  Near  Greensboro,  North  Carolina  on  23  January  1980. 

Lines  marked  ’P’  are  images  from  the  2D-P  probe,  haying  a  resolution  of 
200  pm  and  a  vertical  image  dimension  of  6400  pm.  Lines  marked  'C'  are 
images  from  the  2D-C  probe,  having  a  resolution  of  25  pm  and  a  vertical 
image  dimension  of  800  pm 
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Figure  25.  Data  From  PMS  2-D  Probes,  Recorded  During  a  Passage  Through  the 
Frontal  Zone  Near  Flint,  Michigan  on  18  December  1980.  Line  markings  and 
calibration  are  the  same  as  in  Figure  26 


1  Flight  80-03, 22-23  January  1«M 

On  the  evening  of  22  January  1980,  the  MC-130  flew  an  icing  mission  near 
Greensboro,  North  Carolina.  As  Figure  26  shows,  the  atmosphere  from  the  cloud 
base  to  the  500-mb  level  was  moist,  there  was  a  front  in  the  area,  and  a 
layer  from  about  700  mb  (3.  0  km)  to  500  mb  (5.  0  km)  appeared  to  have  great 
potential  for  icing.  Cohen11  shows  that  two  forecast  techniques  were  used  to  pre¬ 
dict  the  potential  for  icing,  the  Skew-T  (SKT)  and  the  Air  Force  Global  Weather 
Central  (AFGWC)  method.  For  Pass  No.  1  of  Flight  80-03  at  an  altitude  of  4.5  km 
and  a  temperature  of  -9.  3a  C.  the  SKT  method  foi  ecast  heavy  rime  while  the  AFGWC 
method  forecast  moderate  rime.  In  fact,  only  occasional  light  icing  was  observed 
during  the  flight.  For  example,  the  Pass  No.  1  visual  observation  (VIS)  indicated 
no  icing  and  the  average  number  of  ycles  of  the  Rosemount  Icing  Detector  (ICD) 
was  zero. 

Figure  27  shows  the  surface  features  at  the  time  of  the  flight.  A  low  pressure 
area  in  northern  Georgia  provided  a  supply  of  warm,  moist  air.  The  warm  front 
which  appears  at  the  surface  south  of  Greensboro,  is  evident  in  Figure  26  at 
850  mb.  Thus,  the  flight  took  place  in  a  moist,  unstable  frontal  zone. 

This  system  produced  continuous  steady  rain  throughout  the  frontal  zone.  As 
shown  in  Figure  24.  there  were  many  large  particles  in  the  area.  Our  observation 
showed  that  most  remained  in  solid  form  until  passing  through  the  freezing  level, 
after  which  they  melted  directly  into  drops.  Evidently,  most  of  the  particles  above 
the  freezing  level  were  in  solid  form  while  all  of  the  hydrometeors  below  the  melting 
level  were  in  liquid  form.  The  drop  diameters  generally  were  400  pm  or  greater; 
about  10  or  more  times  the  droplet  size  most  frequently  associated  with  aircraft 
icing.  The  occasional  light  icing  experienced  during  this  flight  was  probably  the 
result  of  the  small  number  of  supercooled  water  droplets  available. 

One  can  also  note  that  although  the  tern  perature-dew  point  spread  was  less  than 
2”  C  throughout  the  temperature  range  at  which  icing  was  likely  (-3°C  to  -16°  C), 
the  atmosphere  was  not  saturated. 


3-2  Flight  80-38, 17-18  December  1980 

This  mission  flown  on  the  evening  of  17  December  1980,  sampled  clouds  near 
Flint,  Michigan.  As  shown  in  Figure  28,  a  warm  front  was  approaching  Flint.  The 
surface  temperature  rose  during  the  evening  hours  from  -4°  C  at  2200Z  (1700  Eastern 
Standard  Time)  to  =  1°  C  at  0300Z  (2200  Eastern  Standard  Time),  as  warm  air 
penetrated  aloft.  The  front  can  be  seen  in  Figure  29  as  a  strong  inversion  just 
above  the  surface  at  1.  5  km  (850  mb). 

Some  mixed  rain  and  snow  was  falling  in  advance  of  the  front,  and  occasional 
rain  was  reported  in  the  warm  sector,  but  a  large  precipitation  shield,  as  was 
present  in  the  previous  case,  was  not  evident  in  this  system.  Flint  reported  snow- 
showers  at  2200  and  2300Z.  At  00Z,  Flint  reported  10  miles  visibility  with  no 
precipitation. 


Figure  28.  Surface  Features,  00Z, 
18  December  1980 
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Figure  29.  Radiosonde  Sounding,  Flint,  Michigan 
OOZ,  18  December  1980 


Cloud  sampling  in  the  area  began  at  2320Z  and  ended  at  0020Z.  Of  the  eight 
passes  flown,  icing  was  reported  on  six  of  them.  On  two  of  the  passes,  the 
observer  reported  moderate  icing.  In  Pass  No.  7,  the  icing  detector  registered 
0.  99  cycles  per  nautical  mile;  equivalent  to  an  icing  rate  of  2.  2  mm/min.  This 
was  the  most  rapid  accumulation  of  ice  observed  during  any  of  the  icing  flights. 

This  pass  began  at  0002Z;  thus  no  precipitation  was  observed  falling  at  the  ground 
while  the  aircraft  was  encountering  this  intense  icing  activity. 

In  comparing  the  two  flights,  the  microphysical  differences  are  more  striking 
than  the  synoptic  differences.  In  both  cases,  the  icing  occurred  in  advance  of  a 
warm  front  with  strong  southerly  flow  in  the  mid-troposphere.  Both  flights  examined 
the  altitudes  which  surrounded  the  melting  layer.  In  the  Greensboro  storm  there 
were  a  substantial  number  of  large,  but  uniformly  sized  particles.  The  Flint  storm, 
in  contrast,  had  a  wider  variety  of  particle  size  and  shapes.  The  Greensboro  storm 
produced  heavy  precipitation,  but  little  icing,  while  the  Flint  storm  provided  much 
icing  but  only  spotty  precipitation. 


4.  ICING  DATA  FROM  GERMANY 


An  aircraft  icing  program  was  conducted  by  the  German  Flight  Test  Facility 
at  Manching,  Federal  Republic  of  Germany  (FRG).  This  office  is  part  of  the 
Federal  Office  of  Military  Technology  and  Procurement  of  the  FRG  (Bundestat  Fur 
Wehr  Technik  und  Beschaffung).  Through  an  agreement  with  that  agency,  AFGL 
received  data  from  five  flights  conducted  in  Germany  by  an  instrumented  DO-28 
aircraft. 

4.1  Instrumentation 

2  1 

The  equipment  on  the  DO-28  aircraft  was  described  by  Fuchs.  In  addition 

to  instruments  which  measure  temperature,  humidity,  pressure,  and  wind,  the 

airplane  had  several  instruments  designed  to  measure  drop-size  distributions, 

liquid  water  content  and  ice  accretion.  The  principal  method  of  measuring  drop- 

size  distributions  was  to  expose  briefly  an  oil-coated  slide  to  the  outside  air.  The 

slide  was  then  photographed  through  a  microscope.  As  many  as  80  such  photographs 
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were  obtained  on  a  given  flight.  Schickel  compiled  data  from  several  of  these 
flights. 

Instruments  specifically  designed  to  measure  icing  included  a  Normalair- 
Garret  heated  rod  system,  in  which  a  1-em  thick  rod  extending  from  the  surface  of 
the  airplane  can  be  heated.  An  observer  inside  the  aircraft  activates  the  heater 
when  a  2-cm  thick  ice  layer  has  formed  on  the  rod.  This  system  can  also  give  an 
estimate  of  liquid  water  content  by  noting  how  much  energy  is  required  to  keep  the 
rod  de-iced. 

On  some  flights  a  Rosemount  Icing  Detector  similar  to  the  one  used  on  AFGL 
icing  flights  was  available. 

4.2  Results 

In  most  cases  the  flights  were  in  stratocumulus  clouds,  at  altitudes  of  about 
5,000  ft  (1.5  km).  Flight  No.  47  on  22  February  1979,  provided  the  typical  profile 
shown  in  Figure  30.  The  3-  and  4 -letter  abbreviations  are  references  to  cities 
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along  the  route.  Fuchs  and  Kaluza  further  describe  the  weather  encountered  on 
this  flight.  On  this  particular  flight,  the  aircraft  experienced  icing  almost  con¬ 
tinuously  as  indicated  by  both  the  Rosemount  Icing  Detector  and  the  heated  rod. 
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Figure  30.  Profile  of  Flight  Test  No.  47,  22  February  1979.  Solid  black  line 
represents  the  altitude  of  the  aircraft.  Light  short  curved  lines  indicates  the 
cloud  layer.  Letters  near  top  represent  locations.  The  short  downward 
pointing  arrows  .indicate  time  of  manual  de-icing  of  the  Hot  Rod.  The 
aircraft  experienced  light  to  moderate  rime  icing  until  its  slight  descent  at 
09;03.  It  then  continued  to  experience  light  icing  until  it  left  the  cloud  deck 
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Over  fifty  oil -coated  slides  were  exposed  during  this  flight.  Most  of  the  drop¬ 
lets  observed  were  50  (jm  or  less  in  diameter,  although  occasionally  larger  droplets 
were  seen,  the  largest  being  over  100  pm  in  diameter.  In  most  cases,  there  were 
relatively  few  small  drops  (less  than  10  pm  in  diameter)  and  a  larger  number  of 
droplets  in  the  15-30  pm  range.  This  agrees  with  the  observations  made  during 
the  AFGL  flights.  In  each  of  the  four  flights  for  which  droplet  distributions  and 
reported  icing  were  compared,  a  similar  pattern,  in  which  the  majority  of  the 
droplets  were  larger  than  10  pm  in  diameter,  was  observed.  In  a  different  case 
(Flight  No.  28,  on  13  December  1977),  particles  less  than  3  pm  in  diameter  were 
most  frequently  observed. 

Thus,  the  data  observed  by  both  the  German  groups  and  AFGL  seems  to  fit  the 
same  pattern  reported  by  others;  the  droplets  which  are  associated  with  icing  are 
those  which  peak  between  10  and  50  pm. 


5.  PROJECT  SUMMARY 

On  Flight  E79-50,  11  December  1979  by  the  AFGL's  instrumented  aircraft,  the 
data  showed  the  maximum  icing  rates  recorded  by  the  Rosemount  Icing  Meter,  to 
have  occurred  during  three  small  sections  of  Pass  No.  7  near  the  top  of  cloud  layer 
No.  2.  These  maximum  icing  cycles  occurred  during  the  time  spans  from  24:41:05 
to  24:41:18,  from  24:42:01  to  24:42:14  and  from  24:42:23  to  24:42:36  and  all  three 
had  icing  cycles  of  14  sec,  equivalent  to  an  icing  rate  of  2.  18  mm /min.  During 
these  same  time  spans,  the  PMS  ASSP  produced  maximum  particle  mode  diameters 
of  close  to  12  pm  the  ,1W  l.WC  probe  produced  maximum  values  of  approximately 
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0.  68  g/m'  and  the  droplet  concentration  registered  a  relatively  low  averaged  value 
3  3 

of  335/cm  ,  compared  to  a  value  of  381/cm  for  Pass  No.  6.  See  Figure  31  for 
the  averaged  values  of  these  parameters  corresponding  to  the  maximum  icing 
periods.  Based  on  these  limited  data,  it  is  suggested  that  the  maximum  icing  rates 
occur  near  cloud  top  and  that  icing  rates  tend  to  increase  with  increases  in  mode 
diameter  and  LYVC  values. 

12 

An  AFGL  study  by  Glass  and  Grantham  examined  the  accuracy  of  the  MC-130E 
cloud  physics  research  aircraft's  instrumentation  concerned  with  icing  measure¬ 
ments.  Procedures  for  zero  calibrating  these  instruments  were  developed.  Com¬ 
parison  of  liquid  water  measurements  from  the  JW  and  from  the  ASSP  indicated 
that  these  data  were  highly  correlated  and  similar  in  magnitude.  The  analysis  also 

showed  that  the  Rosemount  Ice  Detector  is  a  sensitive  indicator  of  the  fluctuations 
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of  liquid  water  in  clouds  with  LWC  not  exceeding  0.  8  g/m  .  An  AFGL  study  has 
examined  the  problem  of  forecasting  icing.  Aircraft  icing  data  were  gathered  by 
flying  the  MC-130E  cloud  physics  research  aircraft  into  areas  in  which  icing  was 
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was  forecast.  The  degree  of  icing  was  recorded  both  by  a  human  observer  and  by  a 
Rosemount  Ice  Detector.  Records  from  25  flights  were  used.  The  results  of  these 
two  types  of  observations  of  icing  taken  during  the  flight  program  were  compared 
to  the  predicted  results  indicated  by  two  forecast  methods,  the  SKT  and  the  AFGWC. 
The  result  of  this  comparison  showed  that  there  is  considerable  room  for  improve¬ 
ment  in  forecasting  methods.  Mechanical  techniques,  such  as  the  Skew-T  method, 
tend  to  overforecast  the  intensity  of  icing  as  observed  by  the  Mission  Director. 

This  AFGL  icing  study  has  noted  a  connection  between  droplet  size  and  the 
icing  rate.  It  would  be  useful  to  establish  a  relation  between  potential  droplet  size 
and  some  parameter  available  to  a  duty  forecaster.  This  would  involve  further 
studies  of  the  microphysics  of  supercooled  clouds  as  well  as  an  identification  of 
synoptic  features  which  could  predict  the  droplet  size  distribution  present  in  a 
given  cloud. 


DROPLET  DIAMETER  (  pm) 


Figure  31.  Averaged  ASSP  Measured  Droplet 
Spectra  for  the  Maximum  Icing  Rate  in 
Sections  of  Pass  No.  7 


S.l  Recommndations 

The  study  of  layer  type  icing  clouds  associated  with  an  approaching  cold  front 
offers  many  advantages  to  an  in  situ  cloud  measurement  program.  For  example, 
the  general  locale  for  all  of  the  measurements  can  be  selected  so  that  maximum 
ground  support  is  available.  Ground  support  should  be  in  the  form  of  rawinsonde 
launched  on  request,  cloud  radar  coverage  with  Ka  or  Ku-band  radar  or  lidar,  and 
radio  communication  facilities.  The  Mission  Director  should  arrange  to  take  his 
airborne  measurement  during  the  formative  stages  of  cloud  development  as  well  as 
after.  On  the  MC-130  missions,  the  AFGL  McIDAS  satellite  pictures  were  used  on 
a  real-time  basis  to  direct  the  aircraft  into  areas  of  interest.  Such  general 
guidance  plus  high  resolution  radar,  instrument  and  visual  data  should  make  it 
possible  to  sample  all  stages  of  cloud  development.  The  airborne  measurements 
should  be  performed  systematically  by  three  completely  instrumented  aircraft, 
that  is,  with  measurement  equipment  similar  to  the  MC-130E  aircraft  plus  means 
of  measuring  the  changes  in  vertical  velocity  encountered  within  the  cloud. 

Complete  and  accurate  measurements,  time  and  space  correlated,  taken  in  this 
manner  would  eliminate  some  of  the  problems  presented  by  the  data  measurements 
of  the  11  December  1979  mission. 

The  observed  droplet  size  distributions  were  not  compared  with  the  simulated 
outputs  from  any  dynamical  cloud  models,  due  to  the  unstructured  nature  of  the 
measurements,  however,  significant  processes  and  trends  were  noted.  Data  well 
organized  in  time  and  space  could  be  used  to  test,  study  and  perfect  a  stratocumulus 
cloud  model. 

Measurements  of  cloud  droplet  distributions  and  liquid  water  content  are 
critical  to  the  investigation  of  microphysical  processes  contributing  to  aircraft 
icing.  The  operating  characteristics  of  these  instruments  should  be  known  precisely. 
We  therefore  recommend  that  the  users  of  cloud  LWC  measurements  come  together 
to  plan  and  arrange  for  the  design  and  development  of  a  device  capable  of  calibrating 
LWC  instruments  to  known  standards. 
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LIST  OF  ABBREVIATIONS 


AFGL 

- 

Air  Force  Geophysics  Laboratory 

AFGWC 

- 

Air  Force  Global  Weather  Center  Forecast  Method 

AFOSR 

- 

Air  Force  Office  of  Scientific  Research 

ASSP 

- 

PMS  Axially  Scattering  Spectrometer  Probe 

BWB 

- 

Bundesamt  Fur  Wahr  Technik  und  Beschaffung 

EOARD 

- 

European  Office  of  Aerospace  Research  and  Development 

FNT 

- 

Flint,  Michigan 

FRG 

- 

Federal  Republic  of  Germany 

GMT 

- 

Greenwich  Mean  Time 

GSO 

- 

Greensboro,  North  Carolina 

AH 

- 

Cloud  depth  in  height 

ICD 

- 

Average  Number  of  Cycles  of  Rosemount  Icing  Detector 

JW 

- 

Johnson-Williams  hot  wire  liquid  water  content  meter 

LWC 

- 

Liquid  Water  Content 

McIDAS 

- 

Man  Computer  Interactive  Data  Acquisition  System 

N 

- 

Particle  number  concentration  (cm  ) 

PMS 

- 

Particle  Measuring  System 

R.  H. 

- 

Relative  Humidity 

SKT 

- 

Skew-T  Forecast  Method 

T.T. 

- 

Total  Temperature 

VIS 

- 

Visual  Observation  of  Icing 

WSO 

- 

Weather  Service  Office 

Z 

- 

Greenwich  Mean  Time 

1-D 

- 

PMS  one -dimensional  probe 

2-D 

- 

PMS  two-dimensional  probe 

